tail.1~4) Autolysin is supposed to play important roles in cell elongation, septum formation and cell separation. 5) However, under some abnormal cultural conditions the autolysin is activated and lyses its owncell wall and causes cellular autolysis.6'7)
The autolysis of growing cells of Clostridium saccharoperbutylacetonicum, which had been used in butanol production,8) could be induced by hypertonic NaCl or sucrose as described in previous papers.9'10* The plasmolysing action of hypertonic NaCl (or sucrose) and cell wall digesting action of autolysin may induce this specific autolysis.1 1}
In this work, we isolated the autolysin of C. saccharoperbutylacetonicum, and investigated its properties, because the results mayhelp to clarify how the autolysin takes part in the specific autolysis phenomenonand cell growth of C. saccharoperbutylacetonicum.
MATERIALS AND METHODS
Organisms and cultural conditions. Clostridium saccharoperbutylacetonicum Nl-4 (ATCC 13564)8) was used throughout this work, and two other strains, C. sporogenes and C. kainantoi were also used.
Strain Nl-4 was incubated at 30°C under reduced atmospheric pressure (5 mmHg) in TYA medium. TYA medium contained (per liter): glucose, 40 g; Bactotryptone (Difco), 6g; yeast extract (Daigo Eiyo Kagaku Co.), 2g; ammonium acetate, 3g; KH2PO4, 0.5g; MgSO4à"7H2O, 0.3g; FeSO4-7H2O, 10mg. The pH was adjusted at 6.5 with n NaOH.For the preparation of exponentially growing cells, cells at the stationary phase were inoculated into fresh TYAmediumto an optical density of0.1 at 660nm, and incubated at 30°C for the desired period.
Turbidity measurement. Optical density of the culture and cell wall suspension were measured at 660nmwith a photoelectric colorimeter (model 7A, Tokyo Koden Co.)
or a spectrophotometer (Type 124, Hitachi Co.).
Preparation of cell walls and peptidoglycan. Cell walls and peptidoglycan of strain Nl-4 were prepared as previously reported.12) Cell walls of two other clostridia were prepared in a similar way to the method of cell wall preparation for strain Nl-4.
Assay of lytic activity. Lytic activity was assayed by measuring the decrease of cell wall turbidity. The reaction mixture contained: 100 mMacetate buffer (pH 4.5), 0.9 ml; lytic enzyme solution, 0.1 ml; cell wall, 1 mg. The calculation formula for lytic activity was as follows; unit= decrease of OD660 x 103/incubation time (min).
Lytic Enzyme Active on Clostridium Species. Part IV.
Purification of extracellular lytic enzyme. Fifty liter of culture broth (OD660 of 0.8) was centrifuged at 12,000 x g and the supernatant was salted out with (NH4)2SO4 at 60% saturation. After storage for 48hr at 4°C, the precipitate was collected by decantation and centrifugation at 10,000 x g for 30 min. The sediment was resuspended in a one-hundredth volume of 67mM phosphate buffer (pH 6.0), and dialyzed against 150-fold of the same buffer for 48hr. The dialysate was centrifugated at 15,000 x g for 30 min and the supernatant was fractionated by 20%and 40% (NH4)2SO4saturation. The salted-out fraction was dialyzed as described above. The resulting dialysate was applied on a column of Sephadex G-75 (4.5x 100 cm) equilibrated with the same buffer. The fractions having cell wall lytic activity were collected and condensed with a collodion bag (MS Co. Ltd.). This condensed enzyme solution was stocked at -20°C and used throughout the subsequent work as extracellular lytic enzyme.
Preparation of cell wall-bound (cellular) autolysin. Harvested log phase cells were washed twice with cold deionized water and sonicated with a Insonator 200M (Kubota Co. Ltd.) at 9,000 Hz for 20 min. Disrupted cells were collected by centrifugation at 15,000 x g for 30 min, and suspended in chilled 67 mMphosphate buffer (pH 6.0). The suspension was centrifuged at 1,000 xg for 30 min to removewhole cells and cell debris. The supernatant containing crude cell walls was centrifuged at 15,000 x g for 30 min and washed twice with the same buffer. The washed precipitate was used as crude cell wall.
The crude cell wall suspended in 67mM phosphate buffer (pH 6.0) was autolyzed at 30°C for 4hr, and then centrifuged at 15,000 x g for 30 min. The supernatant was salted out with (NH4)2SO4 at 60% saturation. The precipitate was suspended in a one-twentieth volume ofchilled 67mMphosphate buffer (pH 6.0) and dialyzed in the same way as for the extracellular lytic enzyme. The resulting dialysate was applied on a column of Sephadex G-75, and the fractions having cell wall lytic activity were condensed with a collodion bag. The condensed enzyme solution was stocked at -20°C and used as cellular autolysin.
Preparation of autolysate. NaCl was added to the log phase culture at 0.3 m, and the culture broth was incubated at 30°C for 40 min to autolyse the cells completely as described previously.9) The resulting autolysate was centrifuged at 15,000 x g for 30 min at 4°C to remove cell debris.
This autolysate contained both cellular autolysin and extracellular lytic enzyme.
RESULTS
Accumulation of extracellular lytic enzyme A lytic activity was found in the supernatant fluid of a culture of C. saccharoperbutylacetonicum incubated in TYAmedium at 30°C, as shown in Fig. 1 . The lytic activity began to increase when the growth was started, and increased with the cell growth. The maximum activity was observed at 8hr of cultivation when the growth had reached the stationary phase. Therefore, it seemed that the lytic enzymewas synthesized only whenthe cells were growing and dividing vigorously. The cells in the log phase culture were easily autolysed by addition of hypertonic NaCl, an inducer of the autolysis of this Clostridium, as shown in Fig.  1 . The autolysate of cells in culture broth had about 20% more lytic activity than that accumulated in the supernatant fluid of the culture broth. So, the excess of lytic activity found in the autolysate originated from cell wall-bound autolysin.
As mentioned above, the increment of lytic activity correlated with cell growth and NaClinduced autolysis. So the lytic enzymes should play a role in cell growth and NaCl-induced autolysis.
A^"""' å 0. Purification of extracellular lytic enzyme Extracellular lytic enzyme was purified by the procedure described in Materials and Methods. The gel filtrated fraction was purified about 500-fold from the first salted out fraction, and purified further by isoelectric focusing, as shown in Fig. 2 . The activity was recovered in the fractions of p/ 4.2.
Properties of extracellular lytic enzyme 1) Optimum pH and temperature. The optimumpHof extracellular lytic enzymeon cell walls was about pH 4.5, and it could not digest cell walls at alkaline pHs above 9.0 or acidic pHs below 3.0, as shown in Fig. 3 -A. The optimum temperature was about 35°C, as shown in Fig. 4-A. 2) Stability of extracellular lytic enzyme. As shown in Fig. 3-B , the extracellular lytic enzyme incubated at 4°C for 24hr was stable between pH 4 and 8.
The extracellular lytic enzyme was completely denatured by heat treatment at 55°C for 5 min, and a 23% loss of activity was found at 45°C for 5 min, as shown in Fig. 4-B . These results indicated that the extracellular lytic enzyme was relatively sensitive to heat treatment, and had a narrow stable pH range. Table I . And EDTA-Na had no effect on the activity. Therefore, the extracellular lytic enzyme did not require divalent cations for its activity.
It was also found that the enzyme was unstable in water and more than 0.10m sodium ions was essential for the expression of its activity. But, its activity was not accelerated by addition of the high concentration of NaCl that was used to induce the autolysis. 4) Substrate specificity of extracellular lytic enzyme. Various materials were prepared or purchased for determining the substrate specificity of the extracellular lytic enzyme. The extracellular lytic enzyme could digest cell walls prepared from various kinds of clostridia. Whole cells of C. saccharoperbutylacetonicum were hardly lysed by the extracellular lytic enzyme, as shown in Table II . But in hypertonic conditions, the specific autolysis (NaCl-induced autolysis) of whole cells was accelerated by the addition of the extracellular lytic enzyme, as shown in Fig. 5 . On the other hand, the glycan moiety prepared from peptidoglycan by using phage HM7lysin (Nacetylmuramyl-L-alanine amidase),12>13) and ethylene glycol chitin (Seikagaku Kogyo) were not hydrolysed.
Bondspecificity of extracellular lytic enzyme
The extracellular lytic enzyme digested cell wall and peptidoglycan completely. As shown in Fig. 6 , when peptidoglycan was used as substrate for the extracellular lytic enzyme, free reducing groups were released into the reaction mixture, proportional to the decrease of turbidity. However, free amino groups did not increase. This indicated that the extracellular lytic enzyme was either iV-acetylmuramidase or 7V-acetylglucosaminidase, which hydrolysed the glycan chain and released free reducing groups. The digested peptidoglycan was reduced with NaBH4and hydrolysed with 6n HC1 at 100°C for 12hr to determine the bond specificity of the extracellular lytic enzyme.14) The hydrolysate was analyzed with an automatic amino acid analyzer (Type LC-R-2, Japan Electro Optics Lab.). As shown in Table III, the NaBH4-treated sample showed a decrease of 88% of 7V-acetylmuramic acid that became 7V-acetylmuramitol, compared with the non- Harvested cells were washed with chilled 10 mMphosphate buffer (pH 6.0), and incubated at 30°C in the presence or absence of 0.3m NaCl and purified extracellular lytic enzyme (2 units). O» washed whole cells alone; #, +extracellular lytic enzyme; A, +0.3m NaCl; A, +ex-tracellular lytic enzyme and 0.3 m NaCl. treated control. On the other hand, amino acids and TV-acetylglucosamine were not reduced. This indicated that the extracellular lytic enzyme was an 7V-acetylmuramidase.
Comparison of cellular autolysin and extracellular lytic enzyme Cellular autolysin prepared from crude cell wall as described in Materials and Methods also had a single enzymatic activity. The cellular autolysin had a similar optimum pH, optimum temperature and stabilities to the extracellular lytic enzyme. This autolysin digested peptidoglycan and released only reducing groups into the reaction mixture, but free amino groups did not increase. The reducing sugar was determined to be A/-acetylmuramic acid by the method describe above. Therefore this autolysin was also an N-acetylmuramidase, the same as the extracellular lytic enzyme, as shown in Table IV . Molecular weights of both enzymes determined by gel filtration on Sephadex G-100 (1.5x 100 cm) were 44,000, as shown in Fig. 7 . very similar enzymatic properties to cell wallbound autolysin. It would originate from cell wall-bound autolysin. And its accumulation in the supernatant fluid of the culture correlated with cell growth or cell division. Therefore, it is thought that the autolysin may be released into the supernatant fluid after acting on cell growth or cell division.
The autolysin of C. saccharoperbutylacetonicum could hardly lyse intact whole cells, but it accelerated the autolysis under hypertonic conditions. And autolysis of cells in the culture broth under hypertonic conditions was faster than that of washed cells in buffered hypertonic solution. These phenomena indicated that the autolysin could hardly attack the cell wall from the outside of intact cells, but could lyse the cell wall which is dissociated from the cell membrane by plasmolysis in hypertonic conditions.n) It may also be said that the intact and membrane-bound cell wall is not attacked from the outside by the autolysin. On the other hand, autolysin had another substrate specificity. Namely, it could not hydrolyse the glycan moiety prepared from phage HM7lysin (W-acetylmuramyl-L-alanine amidase)-digested peptidoglycan.
The autolysin may require the peptide moiety to hydrolyse the glycan chain, as reported for phage T4 lysin.16) In our following work, we should make clarify the property that decides the high substrate specificity of the autolysin.
